In the present study yttrium stabilized zirconia (YSZ) thin films were deposited on the Alloy-600 and optical quartz substrates using e-beam deposition technique with controlled deposition parameters: substrate temperature (Ts) and electron gun power (P ) influencing the thin film deposition mechanism. The dependence of these parameters on thin film ionic conductivity, structure, and surface morphology was investigated by X-ray diffraction and scanning electron microscopy (SEM). It was found that electron gun power has the influence on the crystallite size, texture, and roughness of YSZ films. Dominating dispersion in the deposited YSZ thin films (substrate temperature T = 250
Introduction
The solid electrolyte with oxygen vacancy (V * * O ) demonstrating fast ion transport emerged as an attractive material for applications in solid oxide fuel cells (SOFC). It is known that ZrO 2 stabilized by 8 mol% Y 2 O 3 (YSZ) belongs to cubic symmetry with the lattice parameter a = 0.5137 nm [1] and has maximum value of ionic conductivity, as well as good chemical and thermal stability. The total ionic conductivity σ t of YSZ ceramics was found to be 2.5·10 −2 S/m at the temperature T = 800 K and their activation energy was ∆E t = 1.04 eV [2] . The first SOFC generation has been prepared by the tape casting and the sintering method. The acceptable resistance of thick electrolytes for such SOFC can be reached at a very high operating temperatures (1173-1273 K) [3] . Today it is widely accepted that lowering the operating temperature of SOFC in the range of 900-1000 K is preferable for several reasons. The problem can be solved using YSZ thin films. A variety of chemical and physical methods, such as MOCVD, CVD, spray pyrolysis, PLD, PVD for producing solid oxide electrolyte thin films exists [4, 5] .
Technological conditions for YSZ thin film deposition by e-beam technique, the results of investigations of X-ray diffraction, scanning electron microscope (SEM) and ionic conductivity, and dielectric permittivity conducted in air by the impedance spectrometer in the frequency range from 2·10 3 to 10 6 Hz are presented in this paper.
Experiment
YSZ thin films were deposited with e-beam deposition technique from ZrO 2 stabilized by 8 mol% of Y 2 O 3 (8YSZ) ceramic powder (SIGMA-ALDRICH submicron powder, 99.9% purity based on trace metal analysis, 1.68 µm average particle size). YSZ powder was pressed to the pellets of 25 mm diameter and 2 mm thickness before deposition. YSZ thin films (1.5-2 µm thick) were deposited on Alloy-600 (Fe-Ni-Cr) [6] . Residual gas pressure in the vacuum chamber was 4·10 −3 Pa. The distance between electron gun and substrate was fixed at 240 mm. The substrate was additionally heated by a heater to the temperatures from 20 to 600 • C. The deposition rate was evaluated from the thin film thickness measurements. The film structure was analysed by X-ray diffraction (XRD) (DRON-UM1 with standard Bragg-Brentan focusing geometry) using Cu K α radiation (wavelength 0.154247 nm). The crystallite size d of YSZ thin films was estimated from the Scherrer's equation [7] .
YSZ thin films deposited on substrate Alloy-600 were used for the electrical measurements. Platinum electrodes were prepared on thin films by applying a conductive platinum paste fired at 1073 K. The Pt leads from two electrodes were connected via coaxial cable to a PC-controlled Precision LCR Meter 4284 A. The two-probe AC measurements of complex conductivitỹ σ = σ + iσ , complex impedanceZ = Z + iZ , and complex dielectric permittivityε = ε + iε were performed between room temperature and 1000 K in CpRp mode (capacitance and resistance connected in parallel).
Results and discussion
YSZ thin films were deposited from tetragonal (t-YSZ) phase ZrO 2 stabilized by 8 mol% of Y 2 O 3 (8YSZ) ceramic powders. The XRD diffraction patterns of the pressed YSZ powders are presented in [6] . It shows that the positions of the Bragg peaks are those typical of the tetragonal 8YSZ (according to Crystallographica Search-Match, Version 2). XRD peaks of YSZ thin films indicate sharp (101) and minor (110), (200), (211), and (202) orientations. These YSZ thin films repeat the crystal structure of the chosen evaporated YSZ material [6] .
The temperature does not influence the crystal orientation when thin film is deposited on the different types of substrates and different types of powder (tetragonal and cubic) are used [6] . Crystallite size increases from 17 to 38 nm with the growth of substrate temperature from 200 to 600 • C (Fig. 1) . The smallest crystallite size is found to be equal to 17.2 nm for the films deposited at 250 • C (for all types of substrates). It is necessary to know the dependence of growth rate on the e-beam gun power for controlling the crystallite size having influence on ionic conductivity. Crystallite size depends on growth rate of the YSZ film. The growth rate increases linearly with e-gun power varying in the range of 0.6-2.0 nm/s [7] . The e-beam deposited YSZ films had good adhesion to the substrate. The films were uniform, shiny, and mirrorlike for lower growth rates (<1.5 nm/s and e-beam gun power <1.0 kW). Deposition process was found to be unstable and thin film started to be nonhomogeneous with cracks and bad adhesion to the substrate (Fig. 2) at higher e-beam power, when the growing rate was higher than 1.5 nm/s. For this reason, YSZ thin films grown at low e-beam gun powers (0.66 and 0.9 kW) were chosen for the ionic conductivity and dielectric permittivity measurements.
Characteristic frequency dependences of the imaginary part of the complex impedance Im(Z) and real part of complex conductivity Re(σ) at different temperatures for YSZ thin film (P = 0.66 kW, T s = 600 • C) are shown in Figs. 3(a) and 3(b) respectively. Two dispersion regions in Z and σ spectra for investigated samples were found. Both processes are thermally activated and dispersion regions shift toward higher frequencies with the increase of temperature. The dispersion processes in the films could be related to V * * O transport in the bulk and grain boundary of YSZ polycrystalline thin films [8] .
The high frequency region of dispersions may be attributed to the relaxation processes in the bulk, while lower frequency part corresponds to grain boundary processes in the same way as in a wide range of other solid electrolyte ceramics [8] [9] [10] [11] [12] . Ionic conductivities at different temperatures were derived from impedance and conductivity spectra of the thin films using the nonlinear least squares fitting procedures. Temperature dependences of bulk conductivity σ b and characteristic total conductivity σ t for investigated YSZ thin films deposed on Alloy-600 substrates are shown in Figs. 4(a) and 4(b) respectively.
The activation energies of σ t and σ b were found from the slopes of the Arrhenius plots. The values of conductivities and the corresponding activation energy depended on the technological conditions of the film depositions. The values of the bulk conductivity and corresponding activation energies ∆E b at the temperature T =660 K are presented in Table 1 . The value of σ t of YSZ thin films (T s = 400 • C, P = 0.9 kW) was found to be 5.9·10 −4 S/m at T =660 K and increased with temperature with activation energy ∆E t =1.1 eV. Crystallite size has an influence on the electrical conductivity: σ b is the highest when crystallites are the biggest ( Table 1) .
The temperature dependences of the relaxation processes (at characteristic frequencies) in YSZ thin films bulk were obtained from the maximum of Im(Z)(f ) curves measured at different temperatures. The temperature dependences of the bulk dispersion σ b relaxation frequency f b are presented in Fig. 5 .
The data from Table 1 and the results in Fig. 5 show that the values of activation energy of the relaxation dispersion frequency, ∆E f , and the values of activation energy of the bulk conductivity, ∆E b , of the YSZ thin films are very similar.
The ionic conductivity σ b of YSZ thin films which is due to the migration of vacant oxygen sites is expressed as the product of the volume concentration N , mobility 1.1 Ts = 600
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(a) (b) Fig. 4 . Temperature dependences of (a) the bulk conductivity at different technological parameters (P is e-beam gun power, Ts is substrate temperature during the deposition) and (b) of the total conductivity at P = 0.9 kW, Ts = 400
• C thin films deposited on Alloy-600 substrates. µ, valence of the charged oxygen vacancies z (z = 2), and electric charge q = 1.6·10 −19 C:
where k = 1.38·10 −23 J/K is Boltzmann constant. From conductivity measurements it is therefore not possible to clarify which of the two contributions (N or µ) is responsible for the conductivity increase with increasing temperature. The volume concentration of extrinsic oxygen vacancies N 0 is originating from doping the ZrO 2 with trivalent Y 2 O 3 according to the following equation:
The total concentration of all extrinsic oxygen vacancies created by the Y substitution, N 0 , can be calculated according to Ref. [13] . If the ion transport process is attributed to jumps of free oxygen vacancies in the lattice [8] , their mobility µ can be analysed. The diffusion coefficient of oxygen vacancies, D v , is related to the relaxation frequency ω R [8] according to the random walk model of thermally activated jumps. The mobility is related to the diffusion coefficient D v via the Nernst-Einstein relation.
It is possible to calculate the number of oxygen vacancies taking part in the charge transport from Table 2 . Charge carriers' transport properties (concentration of mobile charge carriers N , diffusion coefficient Dv, ionic conductivity σ b , mobility of oxygen vacancies µ from relations, and the relaxation frequency f b of the migration processes of charge carriers) of YSZ thin films deposited at different technological parameters (P is e-beam gun power, Ts is substrate temperature during the deposition) at temperature T = 578 K. 
Technological parameters
where l 2 is the mean square jump distance between anion sites in the crystal lattice, γ is correlation factor depending on the definition and probability population of jump vectors, and 1/6 is geometric factor for the cubic site symmetry, ω R = 2πf b . Since for the YSZ thin films ∆E b ∼ = ∆E f , it gives the evidence that the dependence σ b (T ) of YSZ thin films is caused by the temperature dependence of oxygen vacancy mobility, while the number of charge carriers remains constant with temperature. Therefore it can be concluded that the concentration of charge carriers is independent on temperature in the investigated range of the temperature. This indicates that the theoretical volume vacancy concentration for YSZ thin films has been found to be N 0 = 1.2·10 29 m −3 . Assuming γl 2 = 0.35a 2 [1, 8] , the concentration of mobile charge carriers N , diffusion coefficient D v , and mobility of oxygen vacancies µ from relations, and the relaxation frequency of the migration processes f b of charge carriers can be calculated. The values of N , D v , µ, σ b , and f b of charge carriers for YSZ thin films deposited at different technological parameters (P , e-beam gun power, and T s , substrate temperature during the deposition) at temperature T = 578 K are summarized in Table 2 .
The different charge transport properties of YSZ films can be caused by the change of technological conditions at deposition of the films. The characteristic changes of charge carrier transport properties of YSZ ceramics are caused by different stoichiometric factor of the material [2] .
The temperature dependences of the real part of complex dielectric permittivity ε were investigated at the frequency of 1 GHz. This frequency is higher than Maxwell relaxation frequency f M = σ b /(2πε 0 ε ), where ε 0 = 8.85·10 −12 F/m is dielectric constant of the vacuum. f M is dependent on YSZ thin films preparation conditions and it changes in the range from 0.2 to 1.7 MHz at temperature T = 660 K. The real part of complex permittivity was found to be ε = 21 at T = 300 K. The increase of ε value with temperature can be the reason of the migration polarization of oxygen vacancies, vibration of lattice, and electronic polarization.
Conclusions
The thin films of ZrO 2 -8 mol% Y 2 O 3 have been deposited by e-beam technique. The Alloy-600 and optical quartz were used as substrates for thin films deposition. SEM study has shown that thin films have cracks at higher e-beam power, when the growing rate is higher than 1.5 nm/s, and small isolated islands. Investigation of the X-ray diffraction patterns has shown that thin films are in tetragonal phase and repeat the crystal structure of the chosen evaporated YSZ material. Two relaxation dispersions of ionic conductivity in the thin films have been found. The relaxation process has been related to V * * O transport in the grain boundary and bulk of the films. The temperature dependence of bulk ionic conductivity of the films is caused by oxygen vacancies' mobility, while the concentration of the charge carriers remains constant with temperature. The charge carriers' transport properties depend on technological conditions of depositions thin films. The value of ε of YSZ films was related to contribution of the migration polarization of oxygen vacancies, vibration of lattice, and electronic polarization. The highest ionic conductivity σ b was found in the YSZ thin films deposited at T s = 600 • C, P = 0.9 kW. The concentration of mobile charge carriers, diffusion coefficient, mobility of oxygen vacancies, and ionic conductivity depend on technological parameters: e-beam gun power and substrate temperature during the deposition of YSZ thin films.
